Mechanical properties of shape memory alloy (SMA) wires were experimentally researched in this paper, and an energy dissipater made of SMA wire cable was designed and applied in a steel frame structure model by using superelasticity characteristics of SMAs to passively reduce dynamic responses of the steel frame structure under seismic load. For the characteristics of large relative displacements between the stories of the steel frame structure on both diagonal ends and the consideration of initial prestrain effects of the SMA cables, three kinds of the whole control, the part control, and no control of the shaking table tests and numerical simulations were carried, respectively. Through the results of the shaking table test and numerical simulation analysis, the dynamic responses such as the maximum displacement, velocity, and acceleration at the top layer of the steel frame structure applied with SMA cables are significantly decreased compared with the no control case. However, considering the premise of both effectiveness and efficiency, the part control effect is superior to the whole control. In many cases, it can meet the control requirement of reducing the maximum displacement and acceleration, while the superelasticity of SMAs can be sufficiently played, realizing the passive control purposes of the steel frame structure based on the energy dispassion through the application of the SMA cables. The proposed method has broad application prospects in the passive control field of building structures.
Introduction
Compared with other metals, shape memory alloy (SMA) has superior automatic detection and adaptation, self-diagnosis and self repair, and other functions of intelligent materials, which have the typical shape memory effect (SME), superelasticity (SE), and high damping characteristics. The superelasticity property refers to the recovery feature of the SMAs as the external force generated when the load is greater than the elastic limit strain. This strain can be automatically recovered while unloading. The superelastic recoverable strain can reach up to 6∼8% and the superelastic yield stress is controlled at 400∼500 MPa. The superelastic properties make an SMA have larger hysteretic energy dissipation capacity. It can be used to make reduction, isolation, and energy dissipation dampers, which can be installed in specific areas of a structure to reduce or inhibit responses caused by dynamic loading [1] . Ni et al. [2] introduced a constitutive relationship of shape memory alloy to discuss the working principle of an SMA damper and produced an SMA damper for frame structure vibration control. They installed the energy dissipater in two layers of a frame structure model in the shaking table test. The results show that the energy dissipation effect is obvious and can significantly change the natural frequency of the frame structure. Li et al. [3] developed a new SMA damper by using the energy dissipation and fully recentring capacity ability of superelastic SMA wires. The test shows that the developed damper has the high efficient capacity of both the energy dissipation and the recentring function. Based on the damper design idea, Li et al. [4, 5] used the SMA superelasticity properties to come up with two new kinds of SMA dampers, the tensile type 2 Mathematical Problems in Engineering SMA damper and the scissor type SMA damper, respectively. Through energy dissipater design, the NiTi SMA wire used in the damper remains in the state of tension and avoids compression buckling in the process of vibration. A shaking table test for a five-floor steel frame where these dampers were installed was performed and the results show that these two new kinds of dampers have a very good damping effect. Han et al. [6] used the SMA superelasticity properties to design a new kind of damper to control the wind or earthquake induced responses. The experimental results show that the energy dissipation effect of this kind of energy dissipater can significantly change the natural frequencies of the frame structure. Using the SMA superelasticity properties, Xue et al. [7] presented an SMA composite friction damper by combining SMA wires with the friction damper; thus, the vibration response control of a single degree of freedom system installed in the SMA composite friction damper under seismic action is numerically simulated. The results show that the proposed SMA composite friction damper has excellent energy dissipation performance to reduce structural vibration responses. Yan et al. [8] summarized the advantages and disadvantages of the energy dissipation of SMAs and designed a new kind of SMA-viscous damper with the intensive energy dissipation and self-centring performance by using the superelasticity of the austenitic SMA.
The superelasticity performance of SMAs is used in this paper to propose an energy dissipation cable model and apply it in a steel frame structure, considering the prestrain effect, to carry out the shaking test and numerical simulation under three kinds of control methods, the whole control, the part control, and no control.
Superelasticity Properties of SMA Wires
The superelasticity property of SMA wires is observed when the temperature > ; then the material will be in a fully austenitic state, stressing on the shape memory alloy to produce elastic deformation and it continues to impose stress to make it generate more inelastic deformation. This inelastic deformation can remain stable only under the effect of stress; it can then return to the former shape after unloading even without heating. The difference between ordinary metal material and the SMAs is that the recoverable strain of the SMA wire is large and presents an obvious nonlinear relationship between stress and strain. This behavior is called the superelasticity effect, as shown in Figure 1 . The essence of an SMA that presents the superelasticity effect is the stress induced martensitic phase transformation. In addition, the relevant scholar research results show that the SMA, after heat treatment or mechanical treatment or cold deformation, will experience significant changes in its superelasticity effect. Therefore, according to the different usage conditions and requirements, SMA materials should be dealt with by means of certain "training" before the actual engineering application in order to make the superelasticity properties tend to be more stable. some scholars set up a different constitutive models from a different angle. In 1986, Tanaka [9] developed a onedimensional incremental constitutive model for the SMA based on the basic law of thermodynamics and the constraint conditions. Then, Liang and Roger [10] simplified the model proposed by Tanaka and introduced the martensitic phase transformation in the development of a cosine function relation and established a one-dimensional full quantity type constitutive relation.
One-Dimensional
In order to describe the process of martensite preferred orientation, Brinson and Huang [11] presented assumptions that = + and put forward new thermodynamic equations including stress , strain , temperature , and the percentage of martensite:
In formula (1) is of Young's modulus, = + ( − ), and, among them, and are the austenite and martensite state of Young's modulus, respectively. Θ is the thermoelastic tensor, Ω is the phase transformation tensor, Ω = − , and, among them, is the peak recoverable strain. Ω is the phase transformation tensor of stress; Ω is the phase transformation tensor of temperature. The subscript "0" indicates the initial state value of the material before force. and are the stress and temperature induced martensite percentage, respectively.
According to the passive control scheme of SMA cables, the temperature of SMA cables stays above the end of austenitic transformation temperature; that is > . At this time, the SMA is in the fully austenitic phase, expressing the exact superelasticity properties. And the temperature remains constant; that is = 0 . Therefore, Brinson's constitutive equation can be rewritten as The corresponding relations for the load induced A → M phase transition and unloading caused M → A phase change of the phase transition are shown as follows:
In formula (4) = /( − ) is constant. Among them, and are, respectively, the beginning and end temperatures of the austenite phase transformation; and are, respectively, the material constant of martensitic phase transformation and austenite phase transformation; cr and cr are, respectively, the start and end critical stress of martensitic phase transformation; is the beginning temperature of martensitic; 0 and 0 are the initial value, respectively.
Energy Dissipation Test for Superelastic SMA
Wires. An experiment is performed to set up the stress-strain relation of SMA wires to validate the energy dissipation during a dynamic loading. The NiTi shape memory alloy wire produced by the Chinese Academy of Sciences' Institute of Metal Research is used in the experiment. The SMA wire has a close and atomic ratio of Ti-50.9% Ni, its diameter is 0.8 mm, the end temperature of its martensite phase transformation is = −102 ∘ C, the start temperature of the = −64 ∘ C, the austenitic phase transformation start temperature is = −22 ∘ C, and the end temperature is = −3.8 ∘ C. The SANS microcomputer control electron universal testing machine was used. The specimen has a length of 240 mm, and the distance between fixtures is 200 mm. For the test process, the loading scheme uses the equal displacement control with a displacement controlled termination condition and the termination condition for the unloading process is controlled by force. The test process is automatically controlled and the test data is also automatically collected by a computer, as shown in Figure 2 . In Figure 2 , number 1 is the test table, number 2 is the SMA wire, and number 3 is the data acquisition system. Before the test, SMA wires will be trained under cycles of loading and unloading with the same strain amplitude. Then, these trained SMA wires will be tested under different strain amplitudes, using the load test method shown in Table 1 . The height of the hysteresis loop increases with increasing displacement amplitude, and the increment of the width increasing with the increase of the of the strain amplitude basically appears as a linear relationship. The "yield" stress is basically consistent during the stress induced martensite phase transformation (loading), but, during the inverse martensite phase transformation (unloading), a phenomenon of the "yield" stress going down occurs, as shown in Figure 3 . After each cycle, the residual deformation of the SMA wire gradually decreases with the increase of the loading-unloading cycle number and the force-displacement curve gradually moves up. The residual deformation is close to zero starting from 10 cycles; after 20 cycles, the hysteresis curves tend to be stable, basically remaining in a curve, as shown in Figure 4 . Therefore, before the engineering practical application, SMA wires should be put to a loading-unloading cycle training with certain displacement amplitude, and the SMA wires can guarantee to have stability with regard to the superelasticity properties.
Damper Design
Based on SMA Superelasticity. The test model of vibration control for a three-story steel frame structure is designed. The height of the structure is 500 mm, its thickness is 5 mm, and all of the frame beams and frame columns adopt round steel pipes with an outer diameter of 8 mm and an inner diameter of 4 mm. The dimensions of the structure with three stories are 600 mm × 400 mm × 1500 mm, and each story has a 10 kg mass block placed on the floor. Beam-column joints are welded to each other, welding a 40 mm × 40 mm square steel sheet in the node, and a round hole of 10 mm is drilled so as to conveniently install an SMA cable named the SMA superelasticity damper. According to the design of the model, the SMA superelasticity damper also adopts the hysteretic energy SMA wires produced by the Chinese Academy of Sciences' Institute of Metal Research, which were used in the dissipation performance test. The SMA wire diameter is 0.8 mm, and the SMA superelasticity damper consists of 2 slices of steel sheet with a 40 mm width, 5 mm thickness, and a series of SMA wires 200 mm long, as shown in Figure 5 . Because the steel sheet tensile stiffness is much larger than that of the SMA wire diameter of 0.8 mm, it is assumed that all deformation will be generated by the SMA wires during the structural vibration.
Passive Control Mechanism Using SMA Cables
The passive energy dissipation mechanism using the proposed SMA dampers mainly includes two aspects: one is the energy dissipation mechanism due to the effect of internal friction of the SMA itself; the other is the energy dissipation mechanism because of the superelasticity of SMA wires.
In order to make use of the SMA superelasticity effect to passively control structural vibration due to the random seismic load, the deformation of the structure under an earthquake load often has uncertainty, leading to a relaxation phenomenon of the SMA wire that easily occurs under stress, which is unable to give full play to its application. Therefore, the concept of the prestrain is introduced to the steel frame structure with the SMA wires in the passive control. While installing the SMA wires, a prestrain of the SMA wires is given in advance. This can guarantee that the SMA hysteresis loop will quickly come back to the center which can make full use of its hysteretic energy dissipation effect. Meanwhile, it can also guarantee that the SMA wires will always maintain tension during the vibration of the structure, increasing the control effect.
The principle of determining the initial working state of the wires can be described as [12] .
Firstly, all of the SMA wires applied to the structure under earthquake excitation should be in a state of tension. In order to do this, the value of the initial strain 0 of each SMA wire should be determined. The maximum inelastic recovery strain of the SMA wire during hyperelastic phase transition is 8∼10%, and the SMA peak elastic strain is 3∼4%. In order to make the SMA wire rapidly enter into the state of superelasticity for absorption and dissipation of seismic energy in the process of an earthquake and at the same time make the SMA wires remain in the state of tension in the process of seismic response and not a compressive stress, the initial strain 0 = /2 of 4∼5% is suggested.
Secondly, in the process of practical application of SMAs, the initial stiffness and relative displacement for the first modal vector in the middle story of the structure are directly proportional to the mass matrix product of the structure. This can realize the goal of making the SMA wires provide the maximum horizontal component force to the structure during an earthquake, which means that the seismic response of the structure can be obviously controlled due to the superelasticity of SMA wires.
Thirdly, the SMA wires in the same story of the structure should be ensured to have the same initial condition as soon as possible. Then, when the structural vibration is caused by a random strong seismic load, the structural displacement between the two adjacent stories will change. Therefore, the SMA wires on the diagonal between the layers of the two wires will also change. One wire tension stress will increase and the other will decrease. Accordingly, the sum of the vector of the loading and unloading wire tension forces in the horizontal direction at the same or neighboring stories are known as the effective control force for the SMA wires to apply to the steel frame structure, and the force can effectively reduce the seismic response of the structure such as acceleration, velocity, and displacement. In addition, because of the randomness of the direction of the seismic load, each SMA wire will be under different loading and unloading cycles according to the seismic response of the structure. From the superelasticity performance of SMA wires, it is shown that the stress and strain of wires in a continuous cycle keep constantly changing in the process of absorption and dissipation of seismic ability, so as to reduce the seismic response of the whole structure.
The Equation of Motion of a Steel
Frame Structure with SMA Dampers. According to distribution characteristics of mass and stiffness of a frame structure, during the analysis of the structure for the whole control, the part control, and no control of the three kinds of structure forms, the basic assumption are put forward as follows [8] .
(a) During an earthquake, displacements of all points at the structure bottom are the same at any time, regardless of the vertical component of ground motion as well as torsional vibration due to the misalignment of the centers of mass and stiffness of the structure itself.
(b) The floor slab and beam are assumed to be absolutely rigid, and the quality of each story is focused on the roof and the floor height, regardless of the column axial expansion. Therefore, only the horizontal vibration is considered for the floor.
(c) The SMA wire temperature change is ignored; namely, assume that the initial temperature of a wire 0 on each cross-section of the wire and length direction is not change, keeping constant in the condition 0 > .
Based on the above assumptions, for the analysis of the dynamic response of a symmetrical and uniform structure, the structure is often simplified into a tandem particle structure system. However, to fully understand the mechanism of SMA damper's energy dissipation, an interstory shear model is used in this paper for the design of a steel frame structure with passive control, as shown in Figure 6 .
When an earthquake occurs, the displacement and the acceleration of the ground are ( ) and̈( ). Under the excitation of ground motion, the absolute displacement of the mass point of the structure is ( ) and the relative displacement is ( ) ( ) − ( ). The pulling force of every SMA wire is ( ). The sum of the horizontal component of the resultant force at each floor is the effective passive control force ( ) of the SMA wire applied on the structure. According to the theory of structural dynamics [13] and its application in earthquake engineering, the equations of motion for three layers of a steel frame structure with SMA cable under earthquake excitation can be written as
In formula (5) { } is the structural displacement vector; {̈}, {̇}, and { } are the relative acceleration, velocity, and displacement matrix of the structure, respectively.
[M],
[C] and [K] are the mass matrix, damping matrix, and stiffness matrix of the structure, respectively. For a three-layer structure,
[ ] = [ [
Using the Rayleigh damping assumption,
In the formula and are the coefficient determined by the structure natural frequency of and order modal , and damping ratio , which can be determined by the following equation: 
In the above formula is the angle of the SMA wire and horizontal floor; F is the tension of every SMA wire which depends on the strain state of each wire. That is, tensile loading condition ( → ), or tensile stress decreases of the unloading state ( → ). You can use the following formula into consideration [9] .
In formula (10) ( , ) is the cross-sectional area of the "j" wire at the time "t"; ( , ) is the tensile stress of the "j" wire at the time "t."
In time domain, structural motion equation can use a step-by-step integration method to determine the structural dynamic response.
Numerical Analysis of Structural Vibration Control
Based on the SMA Wires. The model dimension and parameters for the numerical simulation are exactly the same with those of the subsequent shaking table test, and the steel frame model is shown in Figure 7 . After the frequency spectrum analysis of the steel frame model under different control schemes, the natural frequency of the model is obtained under different control schemes as shown in Table 2 . X g (t)Ẍ g (t) Based on the analysis of the passive control mechanism and the equation of motion, two measured earthquake acceleration records are chosen for the numerical simulation and shaking table test. One chosen wave is Northridge, a far field wave, and the other is El Centro wave, a near field wave, and the parameters are shown in Table 3 .
The above data shows that the natural frequency of the steel frame model installed SMA wire is improved with the model without SMA wire.
According to the current Code for Seismic Design of Buildings of China GB50011-2010, the amplitudes of two measured earthquake acceleration records are adjusted to The structural responses under the action of the two adjusted earthquake records along the X direction are analyzed and the maximum acceleration and displacement of each story of the steel frame model under different control schemes are compared. For the maximum acceleration of the steel frame structure under the Northridge wave action with a maximum of 0.20 g, the comparison of the peak acceleration is shown in Figure 8 .
For the first floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 2.75, 2.40, 2.23, and 1.94 m/s 2 , respectively. For the second floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 3.94, 3.32, 2.74, and 2.39 m/s 2 , respectively. For the third floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 5.96, 4.64, 3.48, and 3.01 m/s 2 , respectively. 
El-Centro
Acceleration (m/s 2 ) Figure 9 : The peak acceleration for story under El-Centro wave.
For the maximum acceleration of the steel frame structure under the El-Centro wave action with a maximum of 0.20 g, the comparison of the peak acceleration is shown in Figure 9 .
For the first floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 3.06, 2.08, 1.88, and 1.73 m/s 2 , respectively. For the second floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 3.79, 2.70, 2.37, and 2.02 m/s 2 , respectively. For the third floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 4.10, 3.19, 2.72, and 2.30 m/s 2 , respectively. For the maximum displacement of the steel frame structure under the Northridge wave action with maximum of 0.20 g, the comparison of the peak displacement is shown in Figure 10 . For the first floor, the maximum displacements of schemes A0, A1, A2, and A3 are 0.93, 0.65, 0.47, and 0.23 cm, respectively; For the second floor, the maximum displacements of schemes A0, A1, A2, and A3 are 1.77, 0.84, 0.65, and 0.47 cm, respectively. For the third floor, the maximum displacements of schemes A0, A1, A2 and A3 are 2.51, 1.12, 0.93 and 0.74 cm, respectively.
For the maximum displacement of the steel frame structure under the El-Centro wave action with maximum of 0.20 g, the comparison of the peak displacement is shown in Figure 11 . For the first floor, the maximum displacements of schemes A0, A1, A2, and A3 are 3.04, 0.57, 0.38, and 0.24 cm, respectively. For the second floor, the maximum displacements of schemes A0, A1, A2, and A3 are 3.71, 0.86, 0.67, and 0.52 cm, respectively. For the third floor, the maximum displacements of schemes A0, A1, A2, and A3 are 3.99, 1.05, 0.86, and 0.67 cm, respectively.
Shaking Table Test and Result Analysis

Test Model and Control Schemes.
The test model is produced according to the goal of the experiment and the design size. In the model of a three-story steel frame structure, each story has a mass block of 10 kg placed within. The total height of the model is 1.5 m and the detailed size is shown in Table 4 and Figure 12 , respectively. This paper studies the vibration control problem of the three-story steel frame structure for vibration along the X direction. For the vibration of the frame structure, the relative displacement of two endpoints with a diagonal is the largest within a single story, and the SMA wire design and installation between two endpoints for real structure is more convenient. Therefore, the diagonal installation of the SMA wires is used for the shaking table test.
The loading device in the test is the Shake Table II-240  type vibration table, reach 1.0 g; the response frequency is 0-20 Hz (single axis); the maximum displacement is 119.7 mm; length is 80 cm, the distance between the two holes is 20 cm, the short edge is 60 cm, the distance between the two holes is 30 cm, and the hole diameter is 10 cm. During the test, the measured earthquake records are used and the load process is automatically controlled by computer, and the test data collection is also automatically collected. The acceleration sampling frequency for the data acquisition instrument is 200 Hz, and the displacement sampling frequency is 1 kHz. The test setup is shown in Figure 13 . In order to compare the vibration response of the steel frame structure with or without SMA dampers as well as the influence of different number and location of SMA wires on the vibration response of the structure, it is required to look for a kind of economical and practical layout scheme of the SMA dampers for the passive control. Four kinds of control schemes are designed for comparison, as shown in Figures 14  and 15 . The scheme A0 denotes the case of no SMA wires; the scheme A1 is the case of only installing SMA dampers at the first floor; the scheme A2 presents the case of installing SMA dampers at both the first and the second floors; the scheme A3 demonstrates the case of installing SMA dampers at all of the three stories. For the variety of control schemes, the same seismic waves are input to verify the control effects.
Result Analysis.
In order to determine the characteristics of the structure, the structural natural frequency experiment was carried out. The built-in harmonic vibration program in the shaking table control system is used to generate a sine wave with a displacement amplitude of 3 mm and a frequency of 2 Hz for the steel frame structure under the different control schemes. Through the frequency spectrum analysis on the measured vibration data of the steel frame structure, the natural frequencies of the structure under different control schemes are obtained, as shown in Table 5 . Table 5 shows that the natural frequency of the frame structure installed SMA wire is improved compared with the frame structure without an SMA wire.
Mathematical Problems in Engineering In order to better compare the maximum acceleration and displacement of the same story in the condition of the same seismic wave under the action of different control schemes, the passive control effect is defined by the following formula:
In formula (11) , is the control effect of the "i" story peak response of the structure; ,unc. and ,cont. are the "i" story peak displacement of the structure without control and structure with control, respectively. The speed and acceleration control effect can be derived in a similar way. In structural vibration control, the acceleration of structure vibration should not be too large. The value of the acceleration can reflect both the value of the structural restoring force and the value of the structure stiffness.
The energy dissipation characteristics of the SMA wire can be further compared according to the comparative result of the acceleration of each story under different control schemes.
The comparison of the acceleration control effect for the steel frame structure under the Northridge wave action with the maximum acceleration of 0.20 g is shown in Figures 16  and 17 . For the first floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 2.96, 2.58, 2.40, and 2.08 m/s 2 , respectively; For the second floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 4.24, 3.57, 2.95, and 2.57 m/s 2 , respectively. For the third floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 6.38, 4.99, 3.74, and 3.24 m/s 2 , respectively. At the top level, the maximum acceleration control effects are 21.79% for the control scheme A1, 41.38% for the control scheme A2, and 49.22% for the control scheme A3. Three kinds of control schemes can effectively reduce the acceleration response of the structure. Among them, A2 and A3 reduce more significantly than A1. Comparing schemes A2 and A3, the control effect for the scheme A3 is 1.19 times A2, and the number of SMA wires for the scheme A3 is 1.5 times the scheme A2.
The comparison of the acceleration control effect for the steel frame structure under the El-Centro wave action with the maximum acceleration of 0.20 g is shown in Figures 18  and 19 , respectively. For the first floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 3.22, 2.19, 1.98, and 1.82 m/s 2 , respectively. For the second floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 3.99, 2.84, 2.49, and 2.13 m/s 2 , respectively. For the third floor, the maximum accelerations of schemes A0, A1, A2, and A3 are 4.31, 3.35, 2.86, and 2.42 m/s 2 , respectively. At the top level, the maximum acceleration control effects are 22.27% for the scheme A1, 33.64% for the scheme A2, and 43.85% for the scheme A3.
Three kinds of control schemes can effectively reduce the acceleration response of the structure. Among them, A2 and A3 reduce with more significance. Comparing schemes A2 and A3, the control effect with the scheme A3 is 1.3 times A2, and the number of SMA wire for the scheme A3 is 1.5 times scheme A2. The comparison of the displacement control effect for the steel frame structure under the Northridge wave action with the maximum acceleration of 0.20 g is shown in Figure 20 . For the first floor, the maximum displacement of schemes A0, A1, A2, and A3 are 1.0, 0.7, 0.5 and 0.25 cm, respectively; For the second floor, the maximum displacements of schemes A0, A1, A2, and A3 are 1.9, 0.9, 0.7, and 0.5 cm, respectively. For the third floor, the maximum displacements of schemes A0, A1, A2, and A3 are 2.7, 1.2, 1.0, and 0.8 cm, respectively.
The comparison of the displacement control effect for the steel frame structure under the El-Centro wave action with the maximum acceleration of 0.20 g is shown in Figure 21 . For the first floor, the maximum displacements of schemes A0, A1, A2, and A3 are 3.2, 0.6, 0.4, and 0.25 cm, respectively. For the second floor, the maximum displacements of schemes A0, A1, A2, and A3 are 3.9, 0.9, 0.7, and 0.55 cm, respectively. For the third floor, the maximum displacements of schemes A0, A1, A2, and A3 are 4.2, 1.1, 0.9, and 0.7 cm, respectively.
From the above results, the SMA wires installed in diagonals between the stories of the structure have good effect on the control of acceleration and displacement, which can effectively reduce acceleration and displacement and play a good role in protecting the structure. However, from an economical view, the scheme A2 is more reasonable and effective. Therefore, the SMA wires do not need to be installed on each story.
Comparison of Numerical Analysis and Experimental
Results. The comparison curve of the natural frequency can be seen in Figure 22 . The natural frequency value of the numerical simulation model is slightly lower than that of the steel frame structure, which indicates that the numerical simulation and the test can both reflect the characteristics of the researched object. The natural frequency of the frame structure with SMA wires is improved compared with the frame structure without SMA wires, which shows that SMA wires can change the natural frequency of the frame structure, increasing the stiffness in the structure and the ability of seismic resistance. Taking the data of the top floor as an example, the comparison of the acceleration and displacement of the numerical simulation and shaking table test under the action of the Northridge wave with the maximum acceleration of 0.20 g is shown in Figures 23 and 24 . Under the same seismic action of different control schemes, the simulation data is relatively smaller than the test data which shows that the simulation and experimental data have certain differences. The acceleration and displacement are basically close to each other with a consistent trend. The SMA wires installed on diagonals between the stories of the structure have a very good effect on the control of acceleration and displacement of structure. All of the three kinds of control schemes can effectively reduce the acceleration and displacement of the stories of the structure and can provide good protection to the structure. However, from an economical view, the scheme A2 is more reasonable and effective. Therefore, installing SMA wires at each story is unnecessary.
Taking the data of the top floor as an example, under the action of another typical El-Centro wave, the comparison curves of simulation and experimental acceleration and displacement are shown in Figures 25 and 26 , respectively. Through data analysis, the same conclusion under the action of the Northridge wave can be derived, which shows that, under the effect of different seismic waves, the different control schemes can effectively reduce the seismic response of the steel frame structure, but, from the perspective of effectiveness and economy, the scheme A2 is obviously more reasonable and effective.
Conclusions
(a) Based on the loading-unloading cycle test of the shape memory alloy wire, a stable and full stress-strain hysteresis curve can be derived, and the excellent performance of superelasticity of shape memory alloys can be experimentally validated. Therefore, in the practical engineering application of SMA wires for structural vibration control, certain cycles of training should be carried out in advance in order to obtain the stable superelastic properties.
(b) For frame structures, the proposed design of the SMA superelasticity damper has the characteristics of convenient installation and the initial strain should be set as installing SMA dampers to make the SMA damper quickly enter into the work state in the earthquake, thus allowing maximally absorption and dissipation of seismic energy and achieving a better damping effect.
(c) Through shaking table test and numerical simulation of the three story steel frame structure with and without SMA dampers, it is validated that the SMA damper can change the natural frequency of the structure, improve the stiffness of structure, reduce acceleration, velocity, and displacement response of a steel frame structure in the process of an earthquake, and effectively improve the seismic capability of a structure.
(d) Under the action of two different seismic waves, three kinds of the developed control schemes can effectively reduce the seismic response of the structure, and the schemes A2 and A3 can reduce the value more significantly with better energy absorption. However, from the economic point of view, the scheme A2 is more reasonable and effective. Therefore, it is unnecessary to install an SMA damper on each story in practical engineering.
